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The cum1 and cum2 mutations of Arabidopsis thaliana inhibit cucumber mosaic virus (CMV) multiplication.
In cum1 and cum2 protoplasts, CMV RNA and the coat protein accumulated to wild-type levels, but the
accumulation of the 3a protein of CMV, which is necessary for cell-to-cell movement of the virus, was strongly
reduced compared with that in wild-type protoplasts. In cum2 protoplasts, the accumulation of turnip crinkle
virus (TCV)-related RNA and proteins was also reduced. Positional cloning demonstrated that CUM1 and
CUM2 encode eukaryotic translation initiation factors 4E and 4G, respectively. Unlike most cellular mRNA,
the CMV RNA lacks a poly(A) tail, whereas the TCV RNA lacks both a 5�-terminal cap and a poly(A) tail. In
vivo translation analyses, using chimeric luciferase mRNA carrying the terminal structures and untranslated
sequences of the CMV or TCV RNA, demonstrated that these viral untranslated sequences contain elements
that regulate the expression of encoded proteins positively or negatively. The cum1 and cum2 mutations had
different effects on the action of these elements, suggesting that the cum1 and cum2 mutations cause inefficient
production of CMV 3a protein and that the cum2 mutation affects the production of TCV-encoded proteins.

Most eukaryotic cellular mRNA has a 5�-terminal cap
(m7GpppN-) and a poly(A) tail, which lead to increased trans-
lation efficiency (11; reviewed in references 12 and 29) and
increased mRNA stability (reviewed in reference 32). The cap
structure serves as the binding site for eukaryotic translation
initiation factor 4F (eIF4F). eIF4F consists of two subunits:
eIF4E cap-binding subunit and eIF4G (reviewed in reference
14). In plants, an isoform of eIF4F, designated eIFiso4F, has
been identified. eIFiso4F consists of an eIFiso4E cap-binding
subunit and eIFiso4G (reviewed in reference 4). In vitro eIF4F
promotes the translation of mRNA with stable secondary struc-
tures in the 5� untranslated regions (UTRs) more efficiently
than does eIFiso4F (13). Other functional differences between
eIF4F and eIFiso4F have also been reported (9, 13, 21, 23).
eIF4G and eIFiso4G interact not only with eIF4E and eIFiso4E,
respectively, but also with eIF4A, eIF3, and the poly(A)-bind-
ing protein. eIF3 recruits the 40S ribosomal subunit, whereas
eIF4A is a DEAD-box RNA helicase that unwinds the 5� UTR
of mRNA to facilitate binding of the 40S ribosomal subunit to
the 5� UTR. After binding to the 5�UTR, the 40S ribosomal
subunit migrates in a 5�-to-3� direction to the initiation codon,
where the 60S ribosomal subunit binds and translation begins
(reviewed in references 4 and 14). Through the association of
the poly(A) tail, the poly(A)-binding protein, eIF4G, eIF4E,
and the 5� cap, capped, polyadenylated mRNA is circularized
(36; reviewed in reference 29). This mRNA circularization is

thought to contribute to synergistic translation enhancement
by the cap and poly(A) structures.

The mRNAs of many RNA viruses lack either the 5� cap, the
3� poly(A) tail, or both, but they are stable and efficiently
translated in the cytoplasm of host cells through mechanisms
that have evolved for each virus (reviewed in reference 12).
For example, the genomic RNAs of cucumber mosaic virus
(CMV), tobacco mosaic virus (TMV), and brome mosaic virus
have a 5� cap but lack a 3� poly(A) tail, and their 3� UTRs
contain, instead, tRNA-like structures. The 3� UTRs of the
TMV and brome mosaic virus RNAs contain sequence ele-
ments that increase translation efficiency (10, 20; reviewed in
reference 12). The genomic RNAs of some plant viruses, in-
cluding barley yellow dwarf virus (BYDV), turnip crinkle virus
(TCV), tomato bushy stunt virus, and satellite tobacco necrosis
virus, are uncapped and nonpolyadenylated (1, 7, 25, 37). The
translation of BYDV RNA depends strongly on a cap-inde-
pendent translation enhancer (TE) sequence in the 3� UTR,
and eIF4F is involved in this 3� TE-enhanced translation in
vitro (35). The 5� UTR of the BYDV RNA is also necessary for
the 3� TE to function (35). TCV, tomato bushy stunt virus, and
satellite tobacco necrosis virus RNAs also contain cap-inde-
pendent TEs in their 3� UTRs, and their 5� UTRs are also
necessary for efficient translation, at least for the TCV and
satellite tobacco necrosis virus RNAs (7, 25, 37).

Virus multiplication depends on the host translation system
and many other host functions. The loss of one such host factor
results in resistance to the virus. The resistance is expected to
be genetically recessive in this case. In fact, several wild-type
genes corresponding to recessive mutations that confer resis-
tance to viruses have been identified, and it is thought that they
are required for viral multiplication (34, 38). For example,
recessive genetic traits of independent plant species that confer
resistance against potyviruses have turned out to correspond to
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mutations in genes encoding eIFiso4E or eIF4E (9, 21, 23, 27).
Several lines of experimental evidence indicate that eIFiso4E
or eIF4E plays an important, but as yet unrevealed, role in
potyvirus infection by interacting with VPg, a small polypep-
tide covalently attached to the 5� terminus of the potyvirus
RNA (30).

Two recessive mutations of Arabidopsis thaliana, cucumovi-
rus multiplication 1 (cum 1) and cum2, each reduce the accu-
mulation of CMV in plants. Since they do not drastically affect
the multiplication of CMV RNA in protoplasts, it has been
suggested that the cum1 and cum2 mutations inhibit the cell-
to-cell movement of CMV (39, 40). Comparison of the multi-
plications of a crucifer-infecting tobamovirus (TMV-Cg) and
TCV, which belong to different genera (Tobamovirus and Car-
movirus, respectively), with that of CMV (genus Cucumovirus)
revealed that these mutations do not affect the multiplication
of TMV-Cg but that the cum2 mutation does affect the mul-
tiplication of TCV (39, 40). Here, we report that the CUM1
and CUM2 genes encode eIF4E and eIF4G, respectively.

MATERIALS AND METHODS

Plants and viruses. A. thaliana (L.) Heynh ecotypes Columbia (Col-0) and
Landsberg erecta (Ler) were used as wild-type ecotypes. The cum1 and cum2
mutants are in the Col-0 background (39, 40). CMV-Y, TCV-B, and TMV-Cg
were described by Yoshii et al. (39).

Mapping and identification of the cum1 and cum2 mutations. The cum1 and
cum2 mutations were mapped by using 1750 and 1958 F2 plants, respectively,
which were generated by genetic crosses between the respective mutants (Col-0
background), and Ler wild-type plants (details are available on request). The
CUM genotypes of F2 plants were determined by measuring the accumulation of
viral coat proteins (CPs) in 10 to 18 F3 plants for each F2 plant. In some cases,
the CUM genotypes were confirmed in the F4 generation. The cleaved amplified
polymorphic sequence (CAPS) markers g4539, AG, and GL1; the simple se-
quence length polymorphism marker nga112; and the restriction fragment length
polymorphism marker mi32 have been described by the Arabidopsis Information
Resource (http://www.arabidopsis.org). The yeast artificial chromosomes
(YACs) EW2E9, EW8D1, and CIC1E8L and the bacterial artificial chromo-
somes (BACs) F15J5 and F27H5 were obtained from the Arabidopsis Biological
Resource Center at Ohio State University. The restriction fragment length poly-
morphism markers EW2E9L, EW8D1L, and CIC1E8L were prepared from the
corresponding YACs by using the thermal asymmetric interlaced-PCR method
(22). Restriction digestion with EcoRV, AccII, and AccI was used to generate
polymorphic fragments between Col-0 and Ler for EW2E9L, EW8D1L, and
CIC1E8L, respectively. The CAPS markers T2O9DraI and F27H5HaeIII were
created based on the genomic sequence information for Col-0 and Ler in the
Arabidopsis Information Resource. Digestion of PCR products obtained by
using primer sets 5�-GGGCCCTATTTCGACATTTT-3� and 5�-TCGGAAATC
GTTCCTGTTTC-3� for T2O9DraI and 5�-GGCAACATGGAAGCTAGTTCC
ATTGGTATACC-3� and 5�-GATGGAAGAAATAGGGCTGTCTCGAAG-3�
for F27H5HaeIII with DraI and HaeIII, respectively, generated polymorphic
DNA fragments between Col-0 and Ler.

To find the cum1 and cum2 mutations, 1- to 2-kbp DNA fragments were
amplified from the mapped regions of the respective mutant genomic DNA by
PCR with specific primers designed from the wild-type (Col-0) sequence in the
Arabidopsis Information Resource, purified from gels, and directly sequenced by
using a 377 DNA sequencer (Applied Biosystems) and a BigDye terminator
sequencing kit (Perkin-Elmer). Information on the primers used to sequence the
mutant genomes is available on request. The mutant genome sequences were
compared with the wild-type sequence in the database to find base substitutions.
The wild-type nucleotides at the candidate mutation sites were confirmed by
direct sequencing of relevant DNA fragments that were amplified from the
wild-type genomic DNA by PCR.

Complementation analysis of the cum1 and cum2 mutations. The T-DNA
clone pRK-1 was constructed by subcloning the 6.5-kb XbaI fragment from the
BAC F15J5 into the pCLD04541 vector (GenBank accession no. AF184978).
The T-DNA clone pKT-1 was constructed by subcloning the 15-kb SpeI fragment
from the BAC F27H5 into the pCLD04542 vector. T-DNA clones were electro-
porated into Agrobacterium tumefaciens C58C1 (pGV2260), and these strains

were used to transform A. thaliana plants by the vacuum infiltration method (2).
To confirm that the entire T-DNA fragments were integrated into the mutant
genomes, the junction regions between each insert DNA and the cloning site
were amplified with the specific primer sets.

Determination of the CUM1 and CUM2 mRNA sequences. The entire se-
quences of the CUM1 and CUM2 mRNAs were determined by 5� and 3� rapid
amplification of cDNA ends with a SMART PCR cDNA synthesis kit (Clontech)
and a CAP site cDNA kit (Nippon Gene), followed by DNA sequencing.

Antisera and quantification of viral proteins. cDNA fragments corresponding
to subregions of the CMV-Y 1a protein (amino acids 473 to 748) and the
TMV-Cg 130,000-molecular-weight (130K) protein (amino acids 643 to 1103)
were cloned into the pGEX5X-1 (Amersham-Pharmacia) and pET16b (Nova-
gen) vectors, respectively. For CMV-Y 3a, TMV-Cg 30K, and TCV-B p28, the
entire coding regions were cloned into the pET3b (Novagen), pGEX6P-1 (Am-
ersham-Pharmacia), and pET-32c (Novagen) vectors, respectively. Expression,
protein purification, and production of rabbit antiserum for the TMV-Cg 130K
fusion protein were performed as described for the anti-TMV-L 130K protein
serum by Hagiwara et al. (16). The other fusion proteins were expressed in
Escherichia coli BL21 strains (Novagen) as inclusion bodies, purified by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, eluted from polyacrylamide
gel slices, and injected into rabbits. Rabbit antiserum against TMV-Cg CP was
prepared by using gel-purified CP from virus particles. Rabbit antisera against
CMV-Y 2a, the CMV-D virion, and the TCV-M virion were obtained from C.
Masuta, (American Type Culture Collection, Manassas, Va.) and A. E. Simon,
respectively. Mouse antiserum against TCV p8 was obtained from T. J. Morris.
Immunoblot analysis was performed with the ECL Plus Western Blotting System
(Amersham-Pharmacia) according to the manufacturer’s instructions.

In vivo translation assay. DNA fragments corresponding to the 5� UTRs of
RNA3 and RNA4 were PCR amplified from an infectious clone for CMV-Y
RNA3 obtained from C. Masuta, using primer sets 5�-GGGGTACCGTAATC
TAACCACCTGTGTGT-3�–5�-CATGCCATGGAACCTTGGAAAGCCATG
CCTCG-3� and 5�-GGGGTACCGTTATTGTCTACTGACTATATAGA-3�–5�-
CATGCCATGGATTCAGATTTGTCCATGACTCGA-3�, respectively. The
PCR products were digested with KpnI and NcoI (sites are underlined in the
primer sequences) and subcloned between the corresponding restriction sites of
the pSP-luc� vector (Promega) to obtain pMP-5� and pCP-5�. From the pSP-
luc� vector, the AatII-XbaI fragment containing the SP6 promoter, the 5� UTR,
and the luc� coding region was transferred to the corresponding AatII-XbaI
region of the pSP64Poly(A) vector (Promega) to obtain pV-luc�. DNA frag-
ments corresponding to the 3� UTRs of CMV-Y RNA3 and RNA4 were ampli-
fied from the infectious clone of CMV-Y RNA3 by PCR with the forward
primers 5�-GCTCTAGACACTTTGGTGCGTATTAGTAT-3� and 5�-GCTCT
AGATTCCGTGTTCCCAGAATCCTCCCTCCGATC-3�, respectively, and the
reverse primer 5�-CCGGAATTCTGGTCTCCTTTTGGAGGCCCCCACGAA-
3�. The fragments were digested with XbaI and EcoRI (sites are underlined in
the primer sequences) and were cloned between the corresponding restriction
sites of the pSP-luc� vector to create pMP-3� and pCP-3�. The XbaI-EcoRI
fragments of pMP-3� or pCP-3� containing the 3� UTR sequences were intro-
duced into pMP-5� or pCP-5� by using the corresponding restriction sites to
create pMP-5��3�, pCP-5��3�, or pMP-5��CP-3�.

cDNA fragments of the 5� and 3� portions of the TCV-B genomic RNA
(nucleotides 1 to 90 and 2247 to 4050 of the sequence under GenBank accession
no. M22445 [5]) were amplified from TCV-B virion RNA by reverse transcrip-
tion-PCR with the specific primer sets 5�-CGGGGTACCGGTAATCTGCAA
ATCCCTGCA-3�–5�-CATGCCATGGCTGTGTTGAGTGTGTGTAGAAG-3�
and 5�-CCGCTCGAGGGTTCGGCTACACTCCAGA-3�–5�-GATCCCCGGG
CAGGCCCCCCCCCCGCG-3�, respectively. The PCR products were digested
with KpnI plus NcoI and XhoI plus SmaI (the sites are underlined in the primer
sequences) and inserted between the corresponding restriction sites of the pV-
luc� and pGEM7Zf(�) vectors to obtain p28/88-5� and pTCV-B1, respectively.
The pTCV-B1 sequence differed from the sequence under GenBank accession
no. M22445 at nine positions (details are available on request). A DNA fragment
corresponding to the 5� UTR of TCV subgenomic RNA2 (nucleotides 2605 to
2769) was amplified by PCR from pTCV-B1 by using the primer set 5�-CGGG
GTACCGGTAATATATGCTTTCTACAACTCTCTC-3� and 5�-CATGCCA
TGGACTTCCGGACTCTAGGATCATT-3�. The PCR product was digested
with KpnI and NcoI (the sites are underlined in the primer sequences) and
cloned between the corresponding restriction sites of pV-luc� to obtain p38-5�.
DNA fragments corresponding to the 3� UTR of the TCV genomic RNA (nu-
cleotides 2390 to 4050) and subgenomic RNA2 (nucleotides 3798 to 4050) were
prepared by PCR with the forward primers 5�-GCTCTAGAGCGACAGCGAC
GCAACAG-3� and 5�-GCTCTAGATACGGTAATAGTGTAGTCTTCTCAT
CT-3�, respectively, and the M13 reverse primer of the sequence 5�-CAGG
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AAACAGCTATGAC-3�. PCR products were digested with XbaI (the site is
underlined in the primer sequences) and SmaI (present in the multicloning site)
and inserted between corresponding restriction sites in the pV-luc� vector to
obtain p28/88-3� and p38-3�. The XbaI-SmaI TCV 3� UTR fragments were also
inserted between the corresponding restriction sites of p28/88-5� and p38-5� to
obtain p28/88-5��3� and p38-5��3�, respectively. The Renilla luciferase (RLUC)
plasmid, a derivative of pSP64Poly(A), was described by Chiba et al. (6).

Uncapped and capped RNAs were synthesized from linearized plasmids by
using the RiboMax (Promega) and AmpliCap (Epicentre Technologies, Madi-
son, Wis.) kits, respectively. Preparation of protoplasts and RNA transfection
were carried out essentially as described by Yoshii et al. (39). Briefly, 1.0 � 106

protoplasts were electroporated with 20 pmol each of firefly luciferase (FLUC)
and RLUC RNAs at 475 V/cm with a capacitance of 1,000 �F. Protoplasts were
cultured at 23°C for 6 h in darkness and harvested. FLUC and RLUC activities
were measured by using a dual-luciferase reporter assay system (Promega).
RLUC activity per milligram of protein in cum1 protoplasts was significantly
lower than that in wild-type protoplasts (P � 0.05 by Student’s paired t test;
approximately 70% of the wild-type level), while RLUC activity in cum2 proto-
plasts was similar to that in wild-type protoplasts. Each electroporation was
repeated at least three times with protoplasts that were prepared independently.

To determine the genotype of the cum1 locus, the 400-bp PCR fragment,
amplified from the genomic DNA by using primers 5�-TTGGGGAAGTTCCT
TGCGACCCG-3� and 5�-AGTCATCACGAAAGTGTTTGCTCAAAT-3�, was
digested with MnlI. The fragment derived from the wild-type (Col-0) genome
was cleaved into 258-, 94-, 37-, and 11-bp fragments, while the fragment from the
cum1 genome was cleaved into 258-, 105-, and 37-bp fragments. To determine
the genotype of the cum2 locus, the 1,445-bp PCR fragment, amplified from the
genomic DNA by using primers 5�-CCTCCTAAAGTTTGCAGACCTGTG-3�
and 5�-TGTCATCAAATCGAATGTCCTGATTACT-3�, was digested with
HaeIII. The fragment derived from the wild-type (Col-0) genome was cleaved
into 1,213- and 232-bp fragments, while the fragment from the cum2 genome was
not digested with HaeIII.

Nucleotide sequence accession numbers. The nucleotide sequences of the
CUM1 and CUM2 mRNAs have been deposited in the GenBank database
(accession no. AB107249 and AB107250).

RESULTS

Map-based cloning of CUM1 and CUM2. The cum1 muta-
tion was previously mapped between CAPS markers g4539 and
AG on A. thaliana chromosome IV (39). Further fine mapping
analyses located the cum1 mutation within a 65-kb region
between DNA markers EW8D1L and EW2E9L (Fig. 1A and
B). Determination of an 11-kb sequences within the 65-kb
region of the cum1 genome and comparison with the corre-
sponding wild-type sequences identified a single-base substitu-
tion of G to A within the coding region of the At.EIF4E1
(At4g18040) gene encoding eIF4E (26) (GenBank accession
no. AB107250). This base substitution changes the 99th tryp-
tophan codon to a nonsense codon (Fig. 1D).

To confirm that the G-to-A substitution resulted in the cum1
phenotype, the T-DNA clone pRK-1, which harbors the com-
plete At.EIF4E1 gene (Fig. 1C), was stably transformed into
the cum1 mutant. Restoration of CMV CP accumulation was
observed in inoculated leaves of pRK-1-transformed cum1 mu-
tants (Fig. 1E). No such restoration was observed in cum1
plants transformed with a wild-type genomic DNA fragment
that overlaps the pRK-1 insert but does not contain the com-
plete At.EIF4E1 gene (data not shown). The cum1 mutation
was also complemented by the introduction of At.EIF4E1
cDNA under the control of the cauliflower mosaic virus 35S
RNA promoter (data not shown). These results demonstrate
that CUM1 encodes eIF4E.

The cum2 mutation was previously mapped between DNA
markers GL1 and nga112 on A. thaliana chromosome III
(40). Further fine mapping analyses located the cum2 muta-

tion in an 80-kb region between DNA markers T2O9DraI and
F27H5HaeIII (Fig. 2A and B). Determination of a 45-kb se-
quence within the 80-kb region of the cum2 genome and com-
parison with the corresponding wild-type sequences identified
a single-base substitution of C to T within the coding region of
the gene encoding eIF4G (At3g60240) (Fig. 2D). Reverse
transcription-PCR and 5� and 3� rapid amplification of cDNA
ends showed that the eIF4G gene contains nine exons and the
corresponding mRNA contains 5,451 nucleotides [with the ex-
ception of a poly(A) tail] and an open reading frame that
encodes a polypeptide of 1,725 amino acids (Fig. 2D). In the
cum2 mutant, the 1,327th proline codon is replaced with a
serine codon.

To confirm that the C-to-T substitution results in the cum2
phenotype, the T-DNA clone pKT-1, which harbors the com-
plete eIF4G gene (Fig. 2C), was stably transformed into the

FIG. 1. Map-based cloning of CUM1. (A) Map around the CUM1
locus on chromosome IV (not drawn to scale). DNA markers are in-
dicated above the chromosome. (B) YAC and BAC contiguous DNA
sequences encompassing the CUM1 locus. Circles represent the YAC
end probes used for mapping. The numbers of chromatids recombined
between the marker and the CUM1 locus per the numbers of chroma-
tids examined are shown. (C) Position of the T-DNA clone pRK-1,
which was tested for complementation ability. (D) Exon-intron struc-
ture of the CUM1 gene, which encodes eIF4E, and location of the
cum1-1 mutation. Filled boxes represent exons, and diagonal lines
represent introns. aa, amino acids. (E) Complementation of the
cum1-1 mutation by the T-DNA clone pRK-1. T2 plants derived from
a single representative pRK-1-transformed cum1-1 mutant plant, wild-
type Col-0 plants (wt), and cum1-1 mutant plants were inoculated with
CMV-Y. At 48 hpi, inoculated leaves were collected for immunoblot-
ting analysis to assess the accumulation of the CMV-Y CP. Each lane
represents one independent plant. The position of the CMV-Y CP is
indicated to the right. The presence (�) or absence (�) of the T-DNA
insert in each T2 plant is indicated at the bottom.
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cum2 mutant. Inoculation of leaves of pKT-1-transformed
cum2 mutants with CMV or TCV led to accumulation of the
CPs of these viruses to wild-type levels (Fig. 2E). Accumula-
tion of the CPs was not observed in cum2 plants that were
transformed with a wild-type genomic DNA fragment that
overlaps the pKT-1 insert but does not contain the complete
eIF4G gene (data not shown). These results suggest that the
C-to-T mutation in the eIF4G gene inhibits the multiplication
of both CMV and TCV. Similarly, plants that are homozygous
for T-DNA insertions in the eIF4G gene display reduced mul-
tiplication of CMV and TCV, as in the cum2 mutant (data not
shown).

Reduced accumulation of CMV 3a movement protein in
mutant protoplasts. CMV accumulation is delayed in cum1
and cum2 mutant leaves (39, 40). In protoplasts of these mu-
tants, however, the accumulation patterns of CMV-related
RNA and its CP are similar to those in wild-type Col-0 proto-
plasts (39, 40). To understand how the cum1 and cum2 muta-
tions delay CMV accumulation in plants, we further investi-
gated the effect of these mutations on CMV-encoded protein
accumulation.

CMV encodes five proteins. Proteins 1a and 2a are involved
in viral RNA replication and are synthesized by the translation
of CMV RNA1 and RNA2, respectively. Protein 3a is involved
in viral cell-to-cell movement and is synthesized by the trans-
lation of RNA3. Protein 2b, which suppresses gene silencing,
and the CP are synthesized by the translation of the RNA2-
derived subgenomic RNA4A and the RNA3-derived RNA4,
respectively (Fig. 3A) (3, 8, 24). CMV RNA multiplication
from 4 to 8 h postinoculation (hpi) and CP accumulation in
cum1 and cum2 mutant protoplasts were similar to those in
wild-type protoplasts (Fig. 4A), confirming published results
(39, 40). As with the CMV CP, the accumulation of the 1a and
2a replication proteins in cum1 and cum2 mutant protoplasts
was similar to that in wild-type protoplasts (Fig. 4A). In con-
trast, in cum1 and cum2 mutant protoplasts, 3a accumulation
was only 20% (ranging from 6 to 64% of wild-type levels in
seven independent experiments) and 30% (ranging from 16 to
67% of wild-type levels in six independent experiments) of that
in wild-type protoplasts, respectively, at 8 hpi (Fig. 4A and data
not shown). These results demonstrate that the cum1 and
cum2 mutations affect protein 3a accumulation but not the
accumulation of CMV RNA3, suggesting that the mutations
affect the translation of CMV RNA3 or the stability of the 3a
protein.

The cum1 and cum2 mutations affect the expression of pro-
teins encoded by RNA carrying noncoding sequences of CMV
RNA3. Since eIF4E and eIF4G are involved in translation

FIG. 2. Map-based cloning of CUM2. (A) Map around the CUM2
locus on chromosome III (not drawn to scale). DNA markers are
indicated above the chromosome. (B) BAC contiguous DNA sequence
that covers the CUM2 locus. Open boxes represent BAC clones. The
numbers of chromatids recombined between the marker and the
CUM2 locus per the numbers of chromatids examined are shown
below the BACs. (C) Position of the T-DNA clone pKT-1, which was
tested for complementation ability. (D) Exon-intron structure of the
CUM2 gene, which encodes eIF4G, and location of the cum2-1 muta-
tion. Filled boxes represent exons, and diagonal lines represent in-
trons. aa, amino acids. (E) Complementation of the cum2-1 mutation
by the T-DNA clone pKT-1. T2 plants derived from a single, repre-
sentative pKT-1-transformed cum2-1 mutant plant, the wild-type Col-0
plants (wt), and cum1-1 mutant plants were inoculated with CMV-Y or
TCV-B. At 48 hpi, inoculated leaves were collected for immunoblot-
ting analysis to assess the accumulation of the CMV-Y and TCV-B
CPs. Each lane represents one independent plant. The positions of the
CMV-Y and TCV-B CPs are indicated to the right. The presence (�)
or absence (�) of the T-DNA insert in each T2 plant is indicated at the
bottom.

FIG. 3. Structures of the CMV and TCV genomes. ORFs indicated
by white boxes are translated, and those indicated by gray boxes are not
translated. Note that CMV RNAs are 5� capped, whereas TCV RNAs
are not, and that neither viral RNA is polyadenylated.
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initiation, less efficient RNA3 translation may explain the
strong reduction in 3a accumulation in the cum1 and cum2
mutant protoplasts. To test this possibility, capped mRNAs of
FLUC containing either the 5� UTR, 3� UTR, or both UTRs of
either CMV RNA3 or RNA4 were constructed because the
UTRs of many viral mRNAs contain RNA sequence elements
controlling translation efficiency (12). These chimeric FLUC
RNAs were synthesized by in vitro transcription and electro-
porated into cum1, cum2, and wild-type protoplasts. The in-
ternal control, a capped RLUC RNA that carried 5� and 3�
UTRs derived from an E. coli plasmid vector and a 3�
poly(A)30, was mixed with the FLUC RNA on electroporation
and was used to correct for differences in general translation
activity, protoplast quality, and electroporation efficiency. Six
hours after electroporation, the cells were harvested and dis-
rupted, and FLUC and RLUC activities were measured.

When capped FLUC RNAs carrying the 3� UTRs of CMV
RNA3 (construct V-3) and RNA4 (construct V-4) were elec-
troporated into the wild-type protoplasts, the relative FLUC
activities (the FLUC/RLUC ratios) were 50- and 100-fold
higher, respectively, than the relative FLUC activity from
FLUC RNA that did not contain any CMV RNA sequences
(construct V�) (Table 1). This suggests that the 3� UTRs of
CMV RNA3 and RNA4 harbor elements that enhance the
expression of encoded proteins. The relative FLUC activities
expressed from V� RNA in cum1 and cum2 protoplasts were
not significantly different from that in wild-type protoplasts. In
the cum1 and cum2 mutant protoplasts, however, the relative
FLUC activities from V-3 RNA were significantly lower than
that in the wild-type protoplasts (56 and 39% of the wild-type
level, respectively). Similarly, the relative FLUC activities from
V-4 RNA were significantly lower in the cum1 and cum2 mu-
tants than in the wild-type protoplasts (42 and 32% of the
wild-type level, respectively) (Table 1). Therefore, the cum1
and cum2 mutations each affected the function of the CMV
3�UTRs, which enhanced the expression of encoded proteins.

When capped FLUC RNAs carrying the 5� UTR of RNA3
and 3� UTR of RNA3 or RNA4 (construct 3-3 or 3-4) were
used for electroporation, the relative FLUC activities ex-
pressed in the cum1 and cum2 protoplasts were significantly
lower than the activity in the wild-type protoplasts (for 3-3, 20
and 9% of the wild-type level, respectively; for 3-4, 19 and 17%
of the wild-type level, respectively) (Table 1). The reductions
in relative FLUC activity by the cum1 and cum2 mutations
were greater for constructs 3-3 and 3-4 than for V-3 and V-4.
Conversely, when capped FLUC RNA carrying both the 5� and
3� UTRs of CMV RNA4 (construct 4-4 in Table 1) was elec-
troporated, the relative FLUC activities expressed in the cum1
and cum2 protoplasts were significantly lower than that in the
wild-type protoplasts (58 and 43% of the wild-type level in
cum1 and cum2 protoplasts, respectively). However, the reduc-
tions in the relative FLUC activity by the cum1 and cum2
mutations were similar to, or even smaller than, that for the
construct V-4 (Table 1). These results suggest that the 5� UTR
sequence of CMV RNA3, but not that of RNA4, reduces the
relative FLUC activity more drastically in the cum1 and cum2
protoplasts than in the wild-type protoplasts. In summary, the
cum1 and cum2 mutations affected the expression of protein
products from RNA carrying the noncoding sequences of
CMV RNA3 more strongly than that from RNA carrying the

FIG. 4. Accumulation of CMV-, TCV-, and TMV-encoded pro-
teins and RNA in cum1 and cum2 mutant and wild-type protoplasts.
Protoplasts were prepared from liquid-cultured calli derived from
seedlings of Col-0 wild-type (wt) and the cum1 and cum2 mutants.
Protoplasts (4 � 106) were electroporated with either 7 �g of CMV-Y
RNA, 5 �g of TCV RNA, or 20 �g of TMV-Cg RNA. Inoculated
protoplasts were cultured for 4, 6, or 8 h for RNA analysis or for 8 h
for protein analysis. The accumulation of CMV-Y RNA3, CMV-Y
RNA4, and the TMV-Cg- and TCV-M-related RNAs was analyzed by
Northern blot hybridization as described by Yoshii et al. (39). RNA
bands were visualized with a Bio Imaging analyzer (BAS 1000; Fuji
Photo Film, Tokyo, Japan). The accumulation of the virus-encoded
proteins was analyzed by immunoblotting as described previously (39).
Mock-inoculated wild-type protoplasts were simultaneously analyzed
to identify plant-derived RNA and protein bands (data not shown). To
confirm that similar amounts of RNA and protein were loaded in each
lane, detection of ubiquitin mRNA (UBQ) and Coomassie brilliant
blue staining of sodium dodecyl sulfate-polyacrylamide gels (CBB)
were performed. (A) Accumulation of CMV-Y-related molecules. Po-
sitions of RNA3, RNA4, 1a, 2a, 3a, and the CP are indicated. (B) Ac-
cumulation of TCV-B-related molecules. Positions of the genomic
RNA (G), subgenomic RNA1 (sg1), subgenomic RNA2 (sg2), and the
proteins p28, p8, and the CP are indicated. (C) Accumulation of
TMV-Cg-related molecules. Positions of the genomic RNA (G), the
30K and CP subgenomic RNAs, and the 180K, 130K, and 30K proteins
and the CP are indicated.
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noncoding sequences of CMV RNA4. This explains, at least
partly, why CMV 3a protein accumulation, but not CP accu-
mulation, is significantly reduced in CMV-infected cum1 and
cum2 protoplasts. Furthermore, because the levels of CMV
RNA3 accumulation in CMV-inoculated cum1 and cum2 pro-
toplasts were similar to those in CMV-inoculated wild-type
protoplasts, the stability of CMV RNA3 is unlikely to be af-
fected by the cum1 and cum2 mutations. Therefore, the cum1
and cum2 mutations probably affect the translation of CMV
RNA3.

Reduced accumulation of TCV-related RNA and proteins in
cum2 protoplasts. To understand how the cum2 mutation in-
hibits TCV multiplication in plants, we examined the accumu-
lation levels of TCV-related RNA and TCV-encoded proteins
in cum2 protoplasts. TCV encodes five proteins: p28 and p88
are involved in viral RNA replication and are synthesized by
the translation of the genomic RNA, p88 is synthesized by the
readthrough of the termination codon of p28, p8 and p9 are
involved in viral cell-to-cell movement and are synthesized by
the translation of subgenomic RNA1, and p38 is the CP and is
synthesized by the translation of subgenomic RNA2 (Fig. 3B)
(5, 15). As Fig. 4B shows, the accumulation of TCV-encoded
p28, p8, and p38 (CP) at 8 hpi and the increase in TCV-related
RNA accumulation from 4 to 8 hpi were reduced in cum2
protoplasts (lower than 40% of the respective wild-type levels
in five to eight independent experiments), but not in cum1
protoplasts, compared to wild-type protoplasts (Fig. 4B and
data not shown). This is inconsistent with the results reported
by Yoshii et al. (40). To find a plausible explanation for these
conflicting data, we checked the genotypes of the protoplasts
by using the CAPS analysis (for details, see Materials and
Methods) and found that the cum2 protoplasts used by Yoshii
et al. (40) were heavily contaminated with wild-type or cum2
heterozygous protoplasts (reference 40 and data not shown).
We confirmed that the wild-type, cum1, and cum2 seeds used
in this study each had correct genotypes of the cum1 and cum2
loci by using the CAPS analysis (for details, see Materials and
Methods). Therefore, the accumulation of TCV-related RNA
and TCV-encoded proteins is reduced in cum2 protoplasts.
For CMV and TMV, the accumulation of viral RNA and CP in
noncontaminated cum2 protoplasts was similar to that in wild-
type protoplasts (Fig. 4A and C).

The cum2 mutation affects the expression of protein prod-
ucts encoded by RNAs carrying noncoding sequences of TCV
RNA. In order to obtain insight into the inhibition mechanisms
of TCV multiplication by the cum2 mutation, we examined the
effect of the cum1 and cum2 mutations on the expression of
protein products encoded by FLUC RNA mimicking the TCV
RNA. Since the 5� terminus of the TCV RNA is naturally
uncapped, uncapped FLUC RNAs containing UTRs from
TCV genomic RNA or subgenomic RNA2 were prepared.
These RNAs were electroporated into the wild-type, cum1,
and cum2 protoplasts with the capped RLUC internal control
RNA described above, and the expressed FLUC and RLUC
activities were determined 6 h after electroporation.

Uncapped FLUC RNA containing the 5� and 3� UTR se-
quences derived from a plasmid vector (construct V�) ex-
pressed only low levels of relative FLUC activity. The relative
FLUC activities in the cum1 and cum2 mutant protoplasts
were not significantly different from that in the wild-type pro-

toplasts (Table 1). Replacement of the vector-derived 3� UTR
with the 3� UTRs of TCV genomic RNA (construct V-G) and
subgenomic RNA2 (construct V-Sg2) drastically increased the
relative FLUC activity in wild-type protoplasts (Table 1). In
the constructs carrying the 3� UTRs of TCV RNA, replace-
ment of the 5� UTRs from the vector-derived sequence with
that from TCV genomic and subgenomic RNAs (constructs
G-G and Sg2-Sg2) further increased the FLUC expression in
the wild-type protoplasts (Table 1). These results are consis-
tent with the conclusions of Qu and Morris (25) that the 3�
UTR of TCV RNA contains a major TE and that the 5� and 3�
UTRs of TCV genomic or subgenomic RNA synergistically
enhance translation.

For the constructs containing the TCV 3� UTRs (V-G, V-
Sg2, G-G, and Sg2-Sg2), the relative FLUC expression in cum2
mutant protoplasts was moderately, but significantly, reduced
compared to that in the wild-type protoplasts (32 to 42% of the
respective wild-type levels) (Table 1). These results suggest
that the cum2 mutation affects the expression of TCV-encoded
proteins. Interestingly, in the cum1 mutant protoplasts, the
relative FLUC expression from constructs V-G, G-G, and Sg2-
Sg2 was significantly higher than that in the wild-type proto-
plasts (Table 1).

DISCUSSION

In this study, we demonstrated that CUM1 and CUM2 en-
code eIF4E and eIF4G, respectively. Inoculation of CMV
RNA into the cum1 and cum2 mutant protoplasts revealed
that the mutations affected 3a protein accumulation but not
the accumulation of CMV RNA and the 1a, 2a, and coat
proteins (Fig. 4A). Moreover, the expression of protein prod-
ucts from the capped chimeric FLUC RNA carrying the 5� and
3� UTRs of CMV RNA3 (construct 3-3 in Table 1) was se-
verely reduced, but the expression from the capped chimeric
FLUC RNA carrying the 5� and 3� UTRs of CMV RNA4
(construct 4-4 in Table 1) was only mildly affected by the cum1
and cum2 mutations. For TCV, the accumulations of viral
RNA and proteins were all reduced in TCV-infected cum2
mutant protoplasts as far as we examined (Fig. 4B). Electro-
poration experiments with uncapped chimeric FLUC RNA
carrying the 3� UTR of TCV RNA demonstrated that the
cum2 mutation affected the expression of protein products
from this RNA (Table 1).

eIF4E- and eIF4G-related genes in A. thaliana. The A. thali-
ana genome contains five genes that encode eIF4E-related
proteins: eIF4E (CUM1), eIFiso4E (26), a novel cap-binding
protein (28), and two eIF4E-like proteins (At1g29550 and
At1g29590). At1g29550 and At1g29590 are closely related to
eIF4E and are expressed at the mRNA level (Arabidopsis
Information Resource [http://www.arabidopsis.org/] and M.
Yoshii, R. Kozuka, S. Naito, and M. Ishikawa, unpublished
results) but remain to be analyzed further. The presence of
these homologs may explain why the loss of eIF4E (CUM1)
due to a nonsense mutation is not lethal to A. thaliana. Muta-
tions in the eIF4E and eIFiso4E genes confer resistance against
potyviruses in several plant species (9, 21, 23, 27). One of these
mutations, lsp1 in A. thaliana, inhibits the multiplication of
turnip mosaic virus at the single-cell level, suggesting that
eIFiso4E is required for turnip mosaic virus gene expression or
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replication (21). However, it is not known whether lsp1 inhibits
the translation of turnip mosaic virus RNA.

The A. thaliana genome contains at least three genes that
encode eIF4G-related proteins: eIF4G (CUM2) and two
eIFiso4G proteins. The two A. thaliana eIFiso4G genes
(At2g24050 and At5g57870) are expressed at the mRNA level
(Arabidopsis Information Resource). In wheat, eIF4E and
eIF4G form the eIF4F complex, and eIFiso4E and eIFiso4G
form the eIFiso4F complex (4). Since the cum1 and cum2
mutations have similar effects on the expression of CMV 3a
protein, eIF4F probably has a specialized function in the pro-
cess, which eIFiso4F or the other eIF4F-like complexes per-
form less efficiently. The eIF4G protein not only binds to
eIF4E but also binds to eIF4A helicase and eIF3, and the
cum2-1 mutation (1,327th Pro to Ser) resides in a region that
corresponds to the domain identified to be important for the
binding to eIF4A and eIF3 in human eIF4GI (17). Therefore,
the cum2 mutation may affect the binding of eIF4G to eIF4A
or eIF3.

Effects of the cum1 and cum2 mutations on protein expres-
sion from CMV RNA. Inclusion of the 3� UTRs of CMV RNA3
or RNA4 in capped chimeric FLUC RNA enhanced the rela-
tive FLUC expression, and the enhancement conferred by the
CMV 3� UTRs was affected by the cum1 and cum2 mutations
(Table 1). This suggests that eIF4E and eIF4G are involved in
this enhancement and that eIFiso4E and eIFiso4G can carry
out this process, albeit less efficiently.

In yeast, mutations in the eIF4E and eIF4G genes that
strongly inhibit translation initiation also increase the rate of
mRNA deadenylation and decapping, the key steps in a major
mRNA decay pathway (31, 32). In addition, in plants, mRNA
stability is often correlated with translation (33). Therefore, it
is possible that the cum1 and cum2 mutations lead to the
instability of mRNA carrying CMV UTRs. However, CMV
RNA accumulated to wild-type levels in CMV-infected cum1
and cum2 mutant protoplasts (Fig. 4A). Therefore, the cum1
and cum2 mutations probably affect the translation of RNA
carrying the 3� noncoding sequence of CMV RNA, rather than
the stability of this RNA.

Capped, polyadenylated mRNA can be circularized through
linkage of the 3� poly(A) tail, poly(A)-binding protein, eIF4G,
eIF4E, and 5� cap, and this circularization is thought to be
important for efficient translation (36; reviewed in reference
29). Therefore, like poly(A) tails, the 3� UTRs of CMV RNA
may interact with the eIF4F complex directly or indirectly,
contributing to efficient translation of CMV RNA through
circularization of the mRNA.

The presence of a stable secondary structure in the 5� UTR
inhibits translation initiation (18). The 5� UTR of CMV RNA3
harbors more stable secondary structures than do the 5� UTRs
of CMV RNA1, RNA2, and RNA4 (Fig. 5 and data not
shown). It has been reported that chimeric FLUC RNA that
contains the CMV RNA3 5� UTR is translated less efficiently
in vitro than mRNA that contains the 5� UTRs of other CMV
RNA segments (19). Consistent with these observations, we
showed that FLUC RNA containing the CMV RNA3 5� UTR
expressed less FLUC activity in vivo than that containing the 5�
UTR of CMV RNA4 (FLUC/RLUC ratios of 3.4 � 10�1 and
5.9 � 10�1 for constructs 3-4 and 4-4, respectively [Table 1]).

We also demonstrated that the relative FLUC activity ex-

pressed from chimeric RNA carrying the 5� UTR of RNA3 and
the 3� UTR of RNA3 or RNA4 (construct 3-3 or 3-4 in Table
1) was more severely affected by the cum1 and cum2 mutations
than that from FLUC RNA carrying only the 3� UTRs of CMV
RNA (constructs V-3 or V-4 in Table 1). This suggests that
eIF4F facilitates the in vivo translation of RNA containing the
CMV RNA3 5� UTR, which has a strong secondary structure,
more efficiently than does eIFiso4F. In keeping with this pos-
sibility, Gallie and Browning (13) demonstrated that eIF4F
promotes the in vitro translation of RNA with highly struc-
tured 5� UTRs more efficiently than eIFiso4F does. Therefore,
the observed inefficient expression of protein products from
CMV RNA3 in the cum1 and cum2 mutants probably reflects
an additive effect of the independent responses to the muta-
tions, which the 5� and 3� UTRs of CMV RNA3 show on
translation.

Effects of the cum2 mutation on translation of the TCV
RNA. Qu and Morris (25) have shown that the genomic RNA
of TCV lacks a 5� cap structure and that the 5� and 3� UTRs of
the genomic and subgenomic RNAs of TCV enhance their
translation. Our results with wild-type protoplasts confirm
their conclusions and suggest that the 3� UTRs of TCV RNA
contain a strong cap-independent TE and that the 5� UTRs of
TCV RNA contain a weak cap-independent TE.

The cum2 mutation affected protein expression from un-
capped RNA containing the TCV 3� UTR (Table 1). This

FIG. 5. Predicted secondary structures of the 5� UTRs of CMV
RNA3 and RNA4. Secondary structures were predicted by using
MFOLD version 2.3 (41). The free energies (�G) of the 5� UTR
structures were calculated by using the default settings and a folding
temperature of 23°C.
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suggests that enhanced expression of encoded proteins by the
3� UTR of TCV RNA involves eIF4G. The cum1 mutation did
not adversely affect, and in fact enhanced, the functioning of
the 3� UTR of TCV (Table 1). Therefore, eIF4E is dispensable
for this mechanism or may even have an inhibitory effect on the
functioning of the 3� UTR of TCV. Since the enhanced relative
FLUC expression conferred by the TCV 3� UTR still occurs in
the cum2 mutant (compare V-G or V-Sg2 with V� in Table 1),
eIFiso4G may carry out this process more weakly, or the cum2
mutant allele may have residual activity. It has been shown that
eIF4F participates in the cap-independent and 3� TE-depen-
dent translation of BYDV RNA in vitro (35). If a common
mechanism underlies the translation of BYDV and TCV
RNAs, it is plausible that the cum2 mutation affects the ex-
pression of TCV-encoded proteins via translation inhibition.
However, our results alone do not eliminate the possibility that
the cum2 mutation affects the stability of TCV RNA.

The results with CMV suggest that the cum1 and cum2
mutations affect the production of the 3a protein and that
reduced accumulation of 3a causes delayed CMV multiplica-
tion in plants. Similarly, the results with TCV suggest that the
cum2 mutation primarily affects the production of the p28
replication protein of TCV and that reduced accumulation of
p28 inhibits the TCV RNA multiplication within a cell and in
plants. However, future experiments should carefully test
whether the observed phenotypes are in a direct cause-and-
effect relationship. In addition, these mutations might alter the
expression of many proteins, so that the observed phenotypes
of the cum1 and cum2 mutants might be caused by alterations
in the expression of other host proteins. In fact, eIF4E is
overexpressed with the loss of eIFiso4E (9). Therefore, it is
possible that eIFiso4E and eIFiso4G are overexpressed to
compensate for the loss of eIF4E or eIF4G. The effect of the
depletion of eIF4E or eIF4G may be examined more directly
by using an in vitro translation system.
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